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ABSTRCT

From this paper claims that high sensitivity, low effective materials loss (EML)is
presented with a round core photonic crystal fiber (HC-PCF) in the terakertz
frequency range can detect chemical analytes. Zeonex round-core analysis solution
uses the Zeonex based round core with an analyte inside and It is surrounded by a
series of circular air holes bounded by a perfectly matching layer (PML).
Numerical analysis of the proposed sensor's performance is done by using
COMSOL software. Because a round core has both high sensitivity and low
transmission loss, it is commonly used in sensor applications. Complementarily,
simplicity in design also aids manufacturability and ease of application across
numerous diverse sectors.
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Chapter 1

Introduction

1.1 Introduction

A particular class of fiber PCF has air holes in the cladding and is composed of a single substance
with empty spaces inside the air. Structural parameters vary. A particular class of fiber PCF has
air holes in the cladding and is composed of a single substance with empty spaces inside the air.
Structural parameters vary in order to calculate how far the electromagnetic wave spreads such
as the effective index mode, confinement loss, chromatic dispersion, and field mode diameter
(hole diameter, lattice pitch, etc.), this feature has similar advantages in many instances It has
only recently come to light because of its properties that are fiber optic aspects that have not
been implemented in traditional optical fibers. So the PCF has received a lot of attention. The
PCF has received a lot of attention. They are also known as "finally single-mode fibers" and are
divided into two types of fibers, also known as "special types of fibers." Light is guided by a
total internal reflection, with multiple air holes, between a solid core and a cladding region. The
second on the other hand uses a structurally perfect periodic structure called photonic band gap
fiber which guides light in a low index core region. In our design we used three different
materials such as water, benzene and ethanol. These three materials are used to plot several
different properties such as sensitivity, effective material loss (EML), containment loss, and
birefringence. Knowing the difference in structural parameters allows you to precisely determine
the quantity of all circulation uniqueness. One of the main ways in which the structural
parameters serve to contain light in the core is by influencing the properties of propagation Since
the ability to contain light in round or solid cores is something that PCF possesses optical fiber
communications, fiber lasers, optical processors, photonic crystal diodes, and extremely
sensitive liquid sensors all provide a strong detection sensitivity. Chromatic dispersion and loss
of containment around the core PCF are discussed in this paper. The thickness of the layer in our
design has changed from its previous value. The absorption of the outgoing waves is changed in
equations, while the sensitivity is changed by the variation in the core diameter.

1.2 Evolution of Photonic Crystal Fiber
1.2.0 Photonic Crystal Fiber in brief

The PCF is a single material optical fiber consisting of a silica-air microstructure. It contains
microscopic air-holes in a silica background running down length of the fiber that form the silica-
air microstructure as well as the lower refractive index cladding [1]. Air-holes can be arranged
in the cladding in a periodic (hexagonal arrangement being the common) or an aperiodic fashion.
The core may either be a solid (made of silica) or a hollow (made of air). The former core type
PCF guides light based on the modified TIR mechanism likewise conventional fibers. The later

guides light based on a new mechanism which is known as the photonic band gap (PBG) [2].
X
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For PCFs, it is not necessary that the core must be made of a higher refractive index material
than the cladding. Similarly, it is also not necessary that only the TIR mechanism confines light
into the core of al{ optical fibers. Inclusions of tiny air-channels in the cladding of PCFs offer a
wider design space, i.e., a great flexibility in tailoring its properties [3]. Modulating the silica-
air structure parameters, it is possible to design application specific guiding properties. PCFs
show a number of unusual and previously unimaginable properties including endlessly single
mode operation super high and low nonlinearities [4], very high or low birefringence [5], ultra-
flattened and ultra-low chromatic dispersion and many others. Hence, PCFs can easily
outperform conventional fibers in many scientific and technological areas of applications for

their superior and easy to tailor optical properties.

Photonic Crystal Fiber (PCF) is a new class of optical fiber based on the properties of photonic
crystals. Because of its ability to confine light in hollow cores or with confinement characteristics
not possible in conventional optical fiber [6]. PCFs or holey fibers or microstructure optical
fibers have a microscopic array of air channels running down their length that make a low index
cladding around the undoped silica core [7]. PCF is now finding applications in fiber optic
communications, nonlinear devices and dispersion compensating fibers, high-power
transmission, highly sensitive gas sensors and other areas. Several parameter can be controlled
in PCF such as air-hole shape and diameter, refractive index of the glass, type of lattice and
distance between hole to hole that is lattice pitch. Solid or air core single mode fibers can be

achieved.

xi
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Fig.1.1 An assortment of optical (OM) and scanning electron (SEM) micrographs of PCF
structures. (A) SEM of an endlessly single-mode solid core PCF. (B) Far-field optical pattern
produced by (A) when excited by red and green laser light. (C) SEM of a recent birefringent
PCF. (D) SEM of a small (800 nm) core PCF with ultrahigh nonlinearity and a zero chromatic
dispersion at 560-nm wavelength. (E) SEM of the first photonic band gap PCEF, its core formed
by an additional air hole in a graphite lattice of air holes. (F) Near-field OM of the six-leaved
blue mode that appears when (E) is excited by white light. (G) SEM of a hollow-core photonic
band gap fiber. (H) Near-field OM of a red mode in hollow-core PCF (white light is launched
into the core). (I) OM of a hollow-core PCF with a Kagomé cladding lattice, guiding white light.

1.2.2 History

In 1978, the idea of photonic crystal fiber was presented for the first time by Yeh ez al [12]. They
proposed to clad a fiber core with bragg grating, which is similar to 1D photonic crystal. A 2D
photonic crystal fiber with an air-core was invented by P. Russell in 1992. And the first PCF was
reported at the Optical Fiber Conference (OFC) in1996.

xii
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Fig.1.2 Overview of photonic crystal fiber development

In 2000, highly birefringent PCF was proposed at first [8]. Fabrication of bragg fiber was done
in 2001 for the first time. PCF laser with double cladding was also presented in 2001 [9]. In 2002,
PCF with ultra-flattened dispersion was initiated which contents highly energy transmission in
HC-PCF. Low loss transitions between different PCFs and photonic band-gap at 1% index
contrast were pioneered in 2005. In the year 2008, polarization dependence of stimulated
Brillouin scattering in small core PCFs was established for the first time. After that, non-linear
inter-core coupling in triple core PCFs was launched in 2009 [9]. Then dispersion and non-linear
coefficient of PCF were based on degenerate four wave mixing in 2010. In 2011, an oval kind

of honeycomb porous-core PC-PBGF was firstly proposed.
1.3 Evolution of Hollow core PCF
1.3.1 HC-PCF in brief

Hollow core photonic crystal fibers (PCF) are one of the most interesting types of fibers with
unique properties of light guidance in the air. A photonic band gap effect in the periodic structure
of the photonic cladding allows light guidance in the low index core [6,7]. Hollow core PCFs
allow a reduction of all phenomena related to the interaction between glass and light, since most
of energy propagates in the air. Therefore dispersion, multiphoton absorption, Raman scattering
and other nonlinear effects are dramatically reduced. A silica based hollow core PCF achieves a
very low attenuation of 1.2 dB/km for 1.62 pm [8]. In this case 99.5% of energy in the

fundamental mode propagates in the air. Further reduction of the attenuation to gain the

xiii
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attenuation level of standard telecommunication optical fibers at 0.1 dB/m is uncertain because
surface modes are created at the glass-air border near the core. Since their propagation constants
can be very similar to the fundamental guiding mode, the modes can be coupled and energy is
transferred from the fundamental to the surface modes [9]. Hollow core PCFs made of soft
glasses witness higher attenuation since the attenuation of glass itself is much higher. However,
due to their higher refractive index they are attractive components from which to build a new

type of devices infiltrated with polymer or liquids e.g. liquid crystals [10].

1.3.2 History

Photonic crystal fibers (PCF) optical fibers whose cladding is microstructured—were first
reported in late 90s and are fabricated using an original process called “stack-and-draw”
technique. The versatility of this process and its ability to tailor the cladding modal spectrum by
judiciously designing the cladding structure offered a platform to develop optical fibers with
various core and claddings designs, and enabled novel optical guidance mechanisms and fibers
with unprecedented linear and nonlinear properties. In turn, PCF has proved to be an excellent
photonic component for multiple applications in varied fields such as supercontinuum generation
in nonlinear optics, gas-based optics, and nonlinear optics.

Figure (2) illustrates, in a tree diagram, the PCF family and its diversity from the standpoint of
the fiber structural designs, constitutive materials or the physics underlying their guidance
mechanisms. If we had to classify these fibers by their structural architecture, we can identify
two main families—solid-core and hollow-core fibers—each of them can be divided in several
ways. For example, they can be classified by one of the three guidance mechanisms, which are
(i) Modified Step Index (MSI), (ii) Photonic Bandgap (PBG), and (iii) Inhibited Coupling (IC).
The fibers can also be categorized via their cladding geometry. The latter outstands with the
impressive variety that can be found in each guidance mechanism, and the optical properties that
can address. Among these, we can highlight the endlessly single-mode (ESM) fiber, which
enables optical guidance in a single mode fashion regardless of the wavelength. This in turn led
to the large mode area (LMA) single mode fibers, and subsequently to high-power fiber lasers.
The PCF tree diagram also shows other designs that were developed such as enhanced
birefringence (Hi-Bi) fibers, dispersion compensation PCF (Disp-Comp), all-solid PBG-guiding
PCF, solid-core IC-guiding PCF, and hybrid guidance PCF to mention a few. Finally, we can
record PCF via their constitutive materials. Here, whilst silica remains the dominant material
used, a lot of effort is currently undertaken to use alternative materials such as soft glass or
chalcogenides mainly driven by either further enhancing optical nonlinearities in PCF or

extending their transmission well beyond the silica transparency window [11].

xiv
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Fig.1.3 Photonic crystal fibers family tree diagram (top). Micrographs of HCPCF-based on PBG

guidance and IC guidance.

1.4 Motivation

Optical signals are transmitted over the optical links. Different wavelength components of signal
will generally experience different propagation time because transport medium has different
refractive indices for different wavelengths. In the recent period, the demand for transmission
capacity and bandwidth are becoming more and more challenging [12]. Under this situation,
optical fiber is the most favorable delivering media in information industry, with its huge
bandwidth and excellent transmission performance. The main goal of any communication
system is to increase the transmission distance. Loss and dispersion are the major factors that
affect fiber optic communication. The dispersion causes broadening of optical pulses when
transmitted through the fiber. Thus, the dispersion must be compensated in the long distance

optical data transmission system to nullify the effect of pulse broadening. Dispersion
xv
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compensating fibers (DCF) are widely used for dispersion compensation which is designed to
have large negative dispersion [13]. It is difficult to achieve high negative dispersion using the

conventional DCF.

Now-a-days PCF has become a promising candidate especially as a dispersion compensator. It
allows to tune dispersion properties in a way which is not possible for the conventional fibers
[17]. In conventional fibers, the chromatic dispersion is controlled by using air-holes with same
diameter in cladding region. Using this design technique, it is difficult to control the dispersion
slope in wide wavelength range [14]. PCF has great controXability in dispersion by varying the
hole diameter and hole to hole spacing. Moreover, PCF offers design flexibility and show the

property of bi-refringence, low confinement loss and nonlinearity [15].

Prism coupled-based biosensors are broadly employed because of the ease of usages. However,
it is bulky and includes moving optical and mechanical parts, which limit its application in
remote sensing [16]. On the contrary, HC provide greater sensitivity. As a result, a small
variation of an analyte’s RI can be detected from the large peak wavelength shift.

1.5 Major objectives
The main aim is to design a simple high sensitive with the following specific objectives :

1. To use hollow core for better sensing and transforming

2. To introduce newer structure

3. To change the RI of analyte

4. To change the air hole diameter and pitch.

5. To determine the linearity of the sensor and figure of merit

1.6 Application

PCF is used in many significant purposes in optical fiber communication it plays a great role.

The applications of PCF are described below-

1.7 Dispersion managed applications

Although PCFs offer great design flexibility, design of nearly-zero dispersion-flat PCF (NZDF-
PCF) which is required in almost all applications is remaining a big challenge for the designers,
This is due to the fact that for most dispersion managed applications, a low confinement loss is
also required in addition to dispersion-flat characteristics [17]. Therefore, designers use either
PCFs with many rings of air-holes [18] to reduce the confinement losses or PCFs with non-

uniform cladding [19] to achieve simultaneously dispersion-flat curve and low confinement

Xvi
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losses. The former design technique is not only unsuitable for wideband dispersion management
[20] but also results in an increased holey cladding region and increased fabrication challenges
[21]. Reportedly the later technique, although being frequently used, also sets a great fabrication
difficulty because of non-uniform cladding. A non-uniform cladding i.e., air-hole modulation
results in increased design parameters that further affects fabrication and tolerance. These
challenges exist to date and need to overcome by adopting novel design techniques

1.7.% Nonlinear optics applications

Nonlinear PCFs (HNL-PCFs) are suitable for nonlinear-optics applications namely optical
parametric amplification, super continuum generation, soliton generation, and wavelength
converters [22]. The major challenge associated with designing highly nonlinear PCFs is setting
the zero dispersion wavelength around the telecom window because a PCF with a short pitch
and uniform smaller air-hole dimensions tends to shift the zero-dispersion wavelength towards
shorter wavelengths [23] and a PCF with higher air-hole dimension relative to the pitch sets a
limit on the single mode operation bandwidth [24]. Therefore, it is crucial to optimize the air-
hole dimension and pitch restoring design simplicity at the same time. Moreover, confinement
loss control and sensitivity to parameter variations become major issues as HNL-PCFs use a
smaller pitch value. A smaller pitch results in a higher confinement loss and higher sensitivity
to parameter variations [25]. The same challenge exists to date which needs to be addressed

efficiently. But it is not used in my thesis because I find out low nonlinearity.

1.7.2 Telecommunication applications

At the beginning of PCF technology, it was being considered for only optical device applications
and not as a data transmission media. This was due to high optical losses of such fibers [26].
Recently, utilizing sophisticated and accurate design and fabrication techniques, the optical
losses have been reduced to a 0.28 dB/km [27]. Therefore, interest is growing to rethink PCFs
as a transmission media for future reconfigurable data transmission applications [28]. PCFs with
large mode area are suitable for such applications. Although, there are reports addressing this
issue, there are some other issues related to large mode area PCFs (LMA-PCFs) design.

1.7.3 Sensing Applications

Highly birefringent PCFs (HB-PCFs) are suitable for sensor applications. Designing highly
birefringent PCFs require breaking the symmetry between the fiber axes or applying stresses in
the cladding [29]. Such changes in PCF claddings impose fabrication difficulties as well as
other difficulties associated with designing nearly-zero dispersion and low confinement losses.

It is due to the fact that birefringent fibers are supposed to have near-zero dispersion at the

xvii
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target wavelength to suit practical applications [30]. This is also an ongoing challenge and

needs a special design care to overcome.

1.8 Major Contribution

The overall objective of the book is to focus ways to design and enhance the sensitivity of PCF
based sensor. The main objective of this work is to design and characterize PCFs for high
birefringence and to make the resonant peak sharper for the based sensor applications.

Our thesis work has the following results:

The proposed round shape sensor shows maximum wavelength interrogation sensitivity of 8000
nm/RIU with resolution of 1.25x10” RIU. Moreover maximum amplitude sensitivity 560 RIU"!
with resolution of 1.78x10”° RIU is obtained in the sensing range from 1.45-1.48.

1.9 Chapter Organization

And future work We organize our whole thesis book into 3 chapters. A brief overview of the

chapters are as follows-

Chapter 1 covers general introduction of the thesis.

Chapter 2 covers basic properties of photonic crystal fiber and Round core photonic crystal
fiber.

Chapter 3 deals with simulation and methodology of the thesis.

Chapter 4 includes Conclusion

xviii
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Chapter 2

Basic Properties of Photonic Crystal Fiber and Surface Plasmon Resonance

2.1 Overview

In this chapter, we discuss basics of photonic Crystal Fiber (PCF), different types of PCF, PCF
versus conventional optical fiber, Light guiding mechanism of PCF with total internal reflection
and photonic band gap. We also discuss the properties of PCF and SPR. Properties of PCF
includes refractive index, chromatic dispersion, bi-refringence, confinement loss, effective area
and dispersion slope. , evanescent field, wavelength sensitivity, amplitude sensitivity and figure

of merit (FOM).

2.2 Conventional Photonic Crystal Fiber

Photonic crystal fibers (PCFs) consisting of a periodic distribution of air holes along its length
and a defect region in its center, have been intensively studied in recent years due to their unique
optical properties [31]. In conventional PCFs, the core-guidance of the optical signal is provided
by a solid silica defect core surrounded by periodic air-hole array in the cladding. Since the core
refractive index is higher than the effective cladding index, which is an average of air holes and
background silica, light signal can be guided by the total internal reflection along the silica defect
core similar to conventional optical fibers. The PCF is a single material optical fiber consisting
of a microscopic array of air channels running down the entire fiber length. These air-holes in a
silica base constitute the low index cladding and the core is generally formed either by removing
a central air-hole from the structure or by creating a larger air-hole in its position. The former
one with a missing hole, i.e., with a solid core is called a high index core (HIC)/ index-guiding
(IG) PCF and the later with an air-core is called a hollow core (HC)/ low index core (LIC)/ PBG
PCF .Fig. 2.1 shows cross sectional views of both the high index and low index core PCFs. In
the figure air holes are represented by small unfilled circles. The absence of an air hole is denoted
by a dotted small circle .Inclusions of air-holes in the PCF offer a variable index-contrast
between the core and the cladding which is achieved by changing dimensions of holes and
cladding geometry. Thus, PCFs have a number of design freedom namely, air-hole diameter, air-
hole to air hole distance (the pitch), core radius, and number of rings. Since the guiding properties
of optical fibers depend on the refractive index and the refractive index of PCFs depends on
those design freedoms, application specific guiding properties can be achieved by modulating

those parameters [32].

Xix
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Fig.2.1 Scanning electron micrographs of different PCF cross-sections. (a) a large-mode-area
air-silica endlessly single-mode PCF, (b) an air-silica highly birefringent PCF, (c) an air-silica
air-core PBF. These PCFs are from Crystal Fiber A/S (d) an all-solid PBF
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2.3 Different Classes of PCF

PCFs can further be classified into a number of other types [33] depending on the dimensions of
the fiber parameters, structures, and specific guiding properties. IG-PCFs are classified as HNL
fibers (having very small core dimensions to provide tight mode confinement), LMA fibers
(having larger dimension of the core and small refractive index contrasts to allow spreading out
of the guiding light to provide a larger effective area), and high numerical aperture (HNA) fibers
(having a microstructure cladding surrounded by a ring of air-holes with larger dimensions).
Moreover, IG-PCFs that have a doped core (high index material doped silica) and a holey
cladding are called hole assisted PCFs (HA-PCFs). PBG-PCFs are classified as air-guiding
(AG)/ HC fibers, LIC fibers, or Bragg fibers. Fig.2.1 shows examples of all these microstructure
fibers types. PCFs can again be of another type namely polarization maintaining (PM) fibers
having either a stress applying part or an asymmetric cladding structure to maintain a linear state
of polarization. Again, likewise conventional fibers, PCFs are also classified as single mode or
multi-mode fibers depending on the number of modes supported by a particular PCF (IG or
PBG).

Air hole

\-‘ PM-1550-01

(b)
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Fig.2.2Types of PCFs (a) PM-PCF, (b) HA-PCF, (c) HNA-PCF, and (d) Bragg Fiber- a special
type of HC-PCF [30].

2.4 PCF versus Conventional Optical Fiber

An ordinary optical fiber is made of a core which has a higher refractive index than that of the
cladding. The refractive index of the core is made higher than that of the silica cladding by
doping a high refractive index material in the core region. A commonly used material is the
germanium for increasing the refractive index and a commonly used material for decreasing the

refractive index is the Fluorine.
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Fig.2.3 Schematic cross sections and index-profiles of (a) PCFs (a missing air-hole in the

center represents the core) and (b) Ordinary fibers .
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On the other hand the PCF is, as stated earlier, a single material fiber that contains tiny air-
holes in a silica background. The two types of fibers are illustrated in the Fig.2.2. Index
contrast between the core and the cladding of conventional fibers is very low but it is high and
manageable for PCFs simply by tuning difference between the two fibers which makes
significant differences in their optical properties [34]. The later shows super high or low
nonlinearities, high birefringence, flat dispersion, wider single mode operation, and many

others [35].

2.5 Light Guiding Mechanism of PCF

PCFs guide light based on two mechanisms, namely, the TIR mechanism and the PBG
mechanism [35]. If the PCF guides light based on the TIR mechanism, it is called an IGPCF or
a HIC-PCF. On the other hand if the light guiding is based on the PBG mechanism, it is called a
PBG-PCF, or LIC-PCF, or HC-PCF.

It has been illustrated in Fig. 2.3(a) that IG-PCFs generally omit a single air-hole from the
structure. This type of PCFs can also have a high index material (e.g. Ge) doped core. In either
case, the core must have a high refractive index (#1core > Rictadding) than that (equivalent refractive
index) of the cladding. Unlike IG-PCFs, PBG PCFs have a hollow core (#core>ncladding) Which is

generally created by placing a larger air-hole in the center as shown in Fig 2.3(b)
2.5.% Total Internal Reflection of PCF

The basic principle for the guiding light in conventional fibers is well known as total internal
reflection (TIR). The most typical TIR crystal fibers have solid core surrounded by a cladding
with a regular periodic array of air holes. These air holes make the effective refractive index of
cladding region lower than pure silica, so light confines to the solid core area, which
has a relatively higher refractive index [8]. A schematic cross section of such PCF is given

bellow which shows the propagation of light with TIR.
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total internal reflection

— occurs here

Fig.2.4 A fiber passing light with TIR

The refractive index of the microstructured cladding in PCFs exhibits a wavelength dependency
very different from pure silica. The strong wavelength dependence of the refractive index allows
design of endlessly single-moded fibers, where only a single mode is supported regardless
of optical wavelength. It is possible to alter the dispersion properties of the fibers, thereby
making it possible to design fibers with an anomalous dispersion at visible wavelengths. Due to
specific control of the refractive index profile, fibers with extremely large mode field diameters

are made possible [36]. This supports high beam quality fiber guidance, amplification and lasing.

2.5.2 Photonic Band Gap

Photonic band gap fibers (PBGFs) are so called because the cladding with PC structure can
exhibit photonic band gaps (PBG) at optical frequencies [37]. Light whose frequency falls into
the band gaps would be totally trapped in the core even when the refractive index of the core is
lower than that of the cladding. This low- index core ensures that there is no possibility of wave
guiding by TIR. The light guiding can only be achieved by the PBG property. The first PBGF
was demonstrated in 1998[38], where an extra hole was introduced to the solid core area to lower
the effective index of the core. In PBG guidance mechanism, hallow core guidance becomes
possible [39]. Single-mode hollow core waveguides have a multitude of potential applications
such as ultrahigh-power transmission, guiding of atoms and particles and gas-based nonlinear

optics [40].
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Fig.2.5 Photonic Band-gap

PBGFs seem obviously interesting because of the new guidance mechanism, however TIR PCFs
also display unique and useful properties. This thesis will focus on TIR PCFs. Thus in the
following discussion of this thesis, the term PCFs refers to silica TIR PCFs unless noted

otherwise.

2.6 Properties of PCF

This section presents properties of PCF related to the scope of this thesis. .Properties of PCF
includes refractive index, chromatic dispersion, bi-refringence, confinement loss, effective area
and dispersion slope.

2.6.7 Refractive Index

In optics, the refractive index or index of refraction of a material is a dimensionless number that

describes how light propagates through that medium. It is defined as

n=s—
Vv

where ¢ is the speed of light in vacuum and v is the phase velocity of light in the medium. For
example, the refractive index of water is 1.333, meaning that light travels 1.333 times slower in

water than in the vacuum.
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Fig.2.6 Refractive Index

The refractive index determines how much the path of light is bent, or refracted, when entering
amaterial. This is the first documented use of refractive indices and is described by Snell's law of
refraction, n; siné; = nr sinf;, where & and 6; are the angles of incidence and refraction,
respectively, of a ray crossing the interface between two media with refractive indices n; and n,.
The refractive indices also determine the amount of light that is reflected when reaching the

interface, as well as the critical angle for total internal reflection and Brewster's angle.

2.6.2 Chromatic Dispersion

Material dispersion is the phenomena whereby materials cause a "bundle” of light to spread out
as it propagates. We know that a laser pulse, while almost monochromatic, actually contains a
continuum of wavelengths in a small range. The index of refraction of a material is dependent
on the wavelength, so each frequency component actually travels at a slightly different speed.
As the distance increases, the pulse becomes broader as a result. Material dispersion limits
how much data can be sent, as the pulses will overlap and information will be lost.

L dn

T, =—|n—-A1— (2.2)
d2

Here 7, is the group delay and L is the propagation distance. From this the material dispersion

can be calculated and that is-
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(2.3)

On the other hand waveguide dispersion strongly depends on the silica-air structure itself and
can be altered significantly by modulating some parameters like geometry of the air-holes, pitch,
and air-hole diameters [41]. Hence, the waveguide dispersion, of PCF is related to those
additional design parameters and by optimizing these parameters, suitable dispersion properties
can be achieved for dispersion compensation of single mode fiber. It should be pointed out that
chromatic dispersion, is algebraic sum of material dispersion and waveguide dispersion
upon which material dispersion is calculated from Sellmeier equation and is directly included in

the FEM calculation process[41].
Material dispersion + Waveguide dispersion = Chromatic dispersion

Chromatic dispersion is one of the most fundamental characteristics of optical fiber. Dispersion
means the variation of velocity with the change of refractive index. The pulse is
broadened mostly because of this factor. Dispersion limits the maximum transmission distance
and the bit rate in optical fiber communication [42]. The chromatic dispersion in ps/(nm.km)
is easily calculated from the following equation
d* Reln
=_£_[ s (2.4)
c dA”
Where, Re[nes] is the real part of effective refractive index ness , A is the wavelength, ¢ is
the velocity of light in vacuum. A PCF with negative dispersion coefficient can be used to

minimize the positive dispersion of fiber. A high negative dispersion fiber is necessary

for dispersion compensation.

\/ OSA
Laser source  Optics Proposed PCF Fiber port

Fig.2.7Figure illustrating dispersion phenomena in optical systems

2.6.3 Birefringence
Real optical fibers including PCFs exhibit considerable variation in core shapes along length of

the fiber. Beside this, cylindrical symmetry of a fiber may also be destroyed when it experience

xxvii

ouvdaliicu vwiui vaiil



a non-uniform stress [43].When uniformity of the optical fibers is broken, they acquire
birefringence which leads to periodic power exchange between the two orthogonal components.
This period as shown in Fig.2.5 is called the beat length of the fiber [44].Because of this effect,
a linearly polarized light remains the same only alone the principal axes. Otherwise, the state of
polarization changes along the fiber length from linear to elliptical and again back to linear state
from the elliptical one over the beat length. When, in a fiber, stress applying parts or symmetry
breaking parts is added intentionally so that the birefringence is no longer governed by the
random core size and shape, it is called a PM fiber. In such a case, intentionally introduced
birefringence weakens the random polarization effect. The typical value of birefringence is of
the order 10 for conventional PM fibers. The birefringence is calculated by the following

equation where B represents the birefringence.

B=|n} —n| (2.5)
Where u;‘ff and n jﬁ, are fundamental effective refractive indices of each fundamental mode.
Polarization Mode Dispersion
«
Optical
Pulse p

Differential Group Delay

Fig.2.8 Polarization state over one beat length in a birefringent fiber.

2.6.4 Confinement Loss

The confinement loss is a phenomenon whereby part of the guided light penetrates to the
cladding region and thereby causes signal degradation. Similar to the conventional fibers, 1G-
PCFs guide light based on the TIR mechanism and supports three kinds of modes namely- the
guided mode, the radiation mode, and the leaky modes [45]. Among these modes, confinement
loss is treated as the loss of leaky modes. In PCF, the core and the cladding effective refractive
indexes are the same except that there are a finite number of air-holes in the cladding. As a result,
guided modes in PCFs are intrinsically leaky. There will be no confinement losses in PCFs if
and only if there is infinite number of air-holes in the cladding [46]. Theoretically, confinement
losses in PCFs arise from the finite size of the cladding. A fiber with infinite cladding can be
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free from confinement losses. This loss depends on the size of the core, air-hole dimension, pitch,
and number of rings in the cladding. Fig.2.9 illustrates confinement losses in PCFs. It shows that
the guiding light is penetrating to the cladding region through between air-holes. Confinement
loss plays a great role in sensors performance calculation. We can calculate sensors confinement

loss by using following equation

a(dB/cm)=8.686xk, Im(n,; ) x 10’ (2.6)

2r
Here, Im(n,, ) is imaginary part of mode index, k,= 2 is wave number where 4 is operating
wavelength.

Hollow waveguides Photonic crystal fibers

Metal (n<1) Tubing
Air core Metallic coating
Dielectric film
Air core

Fig.2.9 Confinement losses in index-guiding photonic crystal fibers.

2.6.5 Effective Area

index-guiding PBG-guiding

uuuTuuy uuuuTu

Fig. 2.10 shows the intensity distribution of a light beam inside a fiber. Such a Gaussian
distribution is often used to represent light distribution of optical fibers as it closely assumes the

experimental profile [47]. The effective area Agy is calculated as follows-

()

= 2.
"™ e [ “

Where Aesr is in pm? and E is the electric field amplitude in the medium.
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Fig.2.10 Figure explaining mode field diameter and effective area of optical fibers (step

index profile). Red curve shows the Gaussian intensity profile.

The effective area or simply the effective area is the area where the beam intensity drops to
13.5% of the maximum value and the diameter of which is called the mode field diameter (MFD)
and can be calculated directly from the electric field distribution by using the Petermann II

definition [48].
2.7 Summary

Photonic crystal fiber (PCF) basics and their properties are briefly discussed in this
chapter. For ease of understanding, we try to add a figure where the required equations

are needed .

XXX

ouvdaliicu vwiui vaiil



Chapter 3
Methodelogy and Simulation

3.1 Introduction

The design of the proposed sensor(Round Core of Optical Fiber) is presented in detail in this
chapter. The theoretical description of the model is elucidated in terms of its numerical
characterization in order to match real life operations as well as its performance metrics. All
numerical tools used in the implementation of these are included in this chapter.

3.2 Description of Different Methods

The transfer-matrix method is used in optics and acoustics to evaluate the propagation of
electromagnetic or acoustic waves through a layered medium. The reflection of light from
a single interface between two media is described by the Fresnel equations. When there
are multiple interfaces, the reflections themselves are also partially transmitted and then
partially reflected. These reflections can affect destructively or constructively depending on
the precise path length. The overall reflection of a layer structure is the sum of an
infinite number of reflections, which is clumsy to calculate . According to Maxwell's
equations, there are simple continuity conditions for the electric field across boundaries
from one medium to the next; the transfer-matrix method is founded on that element.
The final step of the method involves converting the system matrix back into reflection and
transmission coefficients.

Plane wave expansion method is a computational technique in electromagnetics to solve
the Maxwell's equations by formulating an eigen value problem out of the equation. As
this method is used in solving band structure of specific photonic crystal geometries and
band structure is related to dispersion relation. This method is popular for designing the
photonic crystal fibers . Plane wave method is useful in calculating modal solutions of
Maxwell's equations. It is used in computing over an inhomogeneous or periodic geometry.
It is fully vectorial method that is applied directly to the fiber design. In [96] particular
knowledge about the solution is not required, when characteristic width and center of each
chosen with localized function approach.

Finite Element method (FEM) is an arithmetic technique for finding estimated solutions to
boundary value problems for partial differential equations. Finite elements are used which are
the subdivision of a whole problem domain into simpler parts. By minimizing an associated error

function, it uses also variational methods to solve the problem. A complex equation is
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approximated over a larger domain, by connecting many simple element equations over
many small sub-domains, named finite elements in FEM [49]. This discrete element idealization
was a different approach to the solution of continuum mechanics problems; hence the

terminology finite element method was created.

Fig.3.1 The Finite Element Idealization

Fig.3.1 is indicated that models for both continuous structures and frame structures were
modeled as a system of elements interconnected at joints or nodes. In many researches
on structural analysis, it has realized that the potential of solving problems in continuum
mechanics by using discrete elements.

The Finite-Difference Time-Domain method (FDTD) is one of the most popular techniques for
the solution of electromagnetic problems now days. It has been successfully applied to
an extremely wide variety of problems, such as scattering from metal objects and
dielectrics, antennas, micro-strip circuits, and electromagnetic absorption in the human
body exposed to radiation. The FDTD method is extremely simple, even for programming
a three -dimensional code. Since it is a time-domain method, FDTD solutions can cover a wide
frequency range with a single simulation run. Nonlinear or time-varying components are more
easily undertook in time-domain [50].

3.3 Finite Element Method

In this thesis, finite element method (FEM) [51] is used as a numerical tool to investigate the

propagation characteristics of modes. FEM allows the solution of a large class of partial
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differential equations without any limitation by geometry. Furthermore, the use of FEM
necessitates the division of the PCF cross section into homogenous subspaces (mesh) within
each Maxwell’s equations, accounting for adjacent subspaces. For fibers, as in this case, the use

of triangular subspaces provides a good approximation for it’s circulate nature [52]

Fig.3.2 FEM mesh

Considering the unique structures of PCFs a full vector FEM formulation would be required
study wave propagation through fibers with arbitrary air filling fraction. Full vectorial FEM
incorporates an isotropic perfectly matches layers (PML) enabling one to solve for as many
modes as desired in a single run without iterating[52]. Analysis of leaky modes is also possible
with PMLs. As such, both dispersion and loss properties can be determined in a single run. In
the case of propagation mode computation, FEM creates a matrix that numerically
approximates the partial differential operator of the problem transforming it into numerical

Eigen-value problem, which is then solved using numerical algebra techniques.

3.4 Proposition for the Use of FEM

Each of the methods mentioned above has specific advantages when analyzing micro-structured
fibers . For specific advantage, specific method is used. In this thesis, FEM method is used. This
method presents accurate representation of complex geometry. Finite element method is an
addition of divergent material properties. It is an easy representation of the total solution. FEM
is more suited to solve complex non-linear problems [53]. Transfer Matrix method is numerically
unusable in the presence of layer with strong attenuation. It is not preferable for calculate the
characteristics of the proposed model.

The finite-difference method (FDM) is much simpler to implement, but the structured grid makes
it not as efficient as the finite-element method. Finite element methods are better on
irregular domains, especially when boundary conditions involve. The main advantage of the

Finite Element Method over the Finite Difference Method is its ability to deal with complex 2D
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or 3D domains [48]. When the region is a rectangle or a union of rectangles, FDM can be used.
On the other hand, when the problem needs local mesh refinement FEM outperform the finite
difference method. The proposed model has to be fulfilled the boundary condition as well
as mesh refinement, so the FEM is more appropriate method than finite difference method. At
[53], in Plane Wave method sometimes spurious modes appear and the number of the plane
waves used in the problem. This is both time consuming and complex in memory requirements.
Alternatives include methods using FEM which is simpler, and model transients. If implemented
correctly, spurious solutions are avoided. PWM is less efficient when index contrast is high or
when metals are fused. It cannot be used for scattering analysis. There is a used non-localized
basis function in PWM [47]. These are hard to parallelize efficiently. The offered model uses
fused silica as material but PWM is less efficient when a fused metal is used. In this perspective
FEM is more applicable than PWM for this thesis. Furthermore, scattering analysis is
necessary which is possible in FEM rather than PWM.

Commercial finite element software package COMSOL is used to calculate solutions,
where numerical errors occur as the wave propagation is founded. The effect of several
numerical parameters are examined and concluded that reducing the element size decreases
the overall error of the solution. This also helps reduce numerical oscillations if present.
Increasing the element order also improved the solution [54]. The time stepping algorithm was
found to have a strong connection to the element size. The maximum time step depends
strongly on the minimum element size. The FEM can solve inhomogeneous domains with
relative ease compared to homogeneous domains, which may be an advantage over other
methods. The dispersion analysis for the FEM is usually accompanied by using uniform
structured meshes because specific numerical wave numbers can be solved to strongly
show the dispersion behaviors of the FEM meshes and elements under consideration.
However, one of the major reasons for using FEM is this method’s ability to model
geometrically and compositionally complex problems [55]. Since the hexagonal mesh has the
smallest numerical dispersion, it is reasonable to assume that the regular triangles are the
best shapes in terms of numerical dispersion, and any triangle that is close to being equilateral
would introduce small numerical dispersion. This is reliable with the classic issue of the
quality of the element shapes, which basically states that the regular triangles are of the best

quality [55]. In this case FEM is more significant than other methods.
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3.5 Implementation of FEM on PCFs

The study of hybrid mode and polarization dependent wave propagation requires a full vectorial
analysis. Consider an optical waveguide with an arbitrary cross section in the x-y plane, has a

full vectorial wave equation derived from Maxwell’s equations in the form of

Vx([p]quo)—k;[q];p=0 (3.1)
3.6 Perfectly Matched Layer

These are additional spaces/domains that do not reflect incident radiation rather absorbs them.
As part of the model, it’s specified to be made of a different absorbing material of varied
thickness. This absorbing material must have matching an isotropic permeability and
permittivity with the physical medium outside the PML such that there are no reflections.
Maxwell’s equations can be used to formulate the PML by introducing a complex valued
coordinate transform under the additional requirement that the wave impedance should remain

unaffected.

3.7 Effective Refractive Index

In homogeneous transparent media, the refractive index n can be used to quantify the phase
change per unit length: that phase change is n times higher than it would be in vacuum. The
effective refractive index n,¢, has the same meaning for light propagation in a waveguide and
depends not only on the wavelength but also on the mode in which the light propagates. The
effective index may be a complex quantity in which case the imaginary part describes gain or

loss [56].
3.8 Numerical Tools

There are two numerical tools used in this thesis. They are as follow:

MATLAB® version R2017a is a high-level language and interactive environment for numerical
computation, visualization and programming. Its numerical computation capability has been
employed in the evaluation of performance parameters such as interrogation modes,

birefringence, and confinement loss in this thesis. The tools and built-in math functions allow
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multiple approaches in order to arrive at a solution faster as opposed to spreadsheets or

traditional programming languages [57].

COMSOL Multi-physics is a powerful software package that can perform eigen-frequency and
modal analysis. COMSOL Multi physics employs the proven finite element method (FEM). The
software runs the finite element analysis to get adaptive meshing and error control using a variety
of numerical solvers. With this software you can design Photonic crystal fibers easily by defining
the sub-domains and boundary conditions with correct parameters and also you can solve the
problems for both electric field and magnetic field. For designing the structure COMSOL Multi-

physics version 5.5 is used.

3.9 Summary

In this chapter, we briefly discuss various simulation methods, with relative ease compared to
other homogeneous domains, FEM can solve in homogeneous domain. In addition, the use of
uniform standardized mesh is followed by FEM. Since FEM is essential than other methods, on
both the PCFs, we implement FEM. In addition to this, in this chapter, we address PML, effective

refractive index and numerical instruments..
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Chapter 4

Design and Result Analysis of Round Core Optical fibre PCF with High Sensitivity, Low
EML and a low Confinement Loss.

4.1 Introduction

4.2 Structural Design

PML

Zeonex

The major goal of the simulation is to determine how much chromatic dispersion is introduced
and how much cross-section loss is present when using PCF. For simulation purposes, the
following structural parameters were considered:

Perfectly matched layer, t=30, pm core diameter, D=390, um air hole, d=400, pm, amount of
distance that exists between the core and the air hole, R=10, pm core diameter, D=400, pm
core diameter, Layer thickness, Z=30,ym , Z=20,um, Z=10,um

The sensitivity is the plot to determine how sensitive concerning frequency is. It will allow to
observe how sensitive the material is. We later discuss in the graph we plot sensitivity versus
frequency to get more idea about the sensitivity of the material especially in a practical point of
view(1).

n,

r=

G )

J‘I_,f

The refractive index of the target that will be sensed. n_, effective refractive index of the mode

in the guided precisely in addition to this, it can also be used for the representation of the
interaction of light(1).

The effective material loss is calculated by the equation .
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Confinement loss is the process where by some guided parts of the lights penetrates into the
cladding region. When this happens, it causes the degradation of the signal which is somehow
similar to fibers convention. The photonic crystal fibers guides the based light on its total internal
reflection (TIR). In the photonic crystal fibers the cladding have various holes due to the guide’s
modes in photonic fibers. This can theoretically be seen, when it arises from various size of the
cladding. From this it can be seen that sometimes the fiber has so many various claddings to

avoid the confinement losses, but the size of the core in the air hole depends on it. Here, Im(n_, )

is imaginary part of mode index, k_, = 273 is wave number where A is operating wavelengt, To

calculate the sensor for confinement loss, simply use this equation

Anf

c

Lc = (—9)Im(n,, ),cm™ (3)

By using this equation, we can determine the birefringence.

B=

ngy —njy)| @)

Where n;,f and n ;,f are fundamental effective refractive indices is frequently evaluated as the

greatest contrast between refractive indices and
Each fundamental mode.

n=§ (5)

From equation (5) When the frequency of light in the vacuum is inversely proportional to the
velocity of light. Examples are the speed of the light in the vacuum (c) and the speed of the light
phase (c) (v). Well, it's for the moment, anyway. The water refractive record shows that light is
1.33 times slower in the water than in the vacuum.

T —E{n—)dn}
g LdA‘I. a (6)

c
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L is the propagation distance, and tg is the group delay. Once we have that, we can calculate the
material dispersion.

2
=Ed”‘f +2d n

(7)

2
c do c do’

From equation (7) the £, constant is a propagation constant.The velocity of light in a vacuum

and is denoted by c, Re[ n_g ] is the real part of the effective and o .

is the omega, c is the speed of light in vacuum, to limit the positive dispersion of fiber, a PCF
with a negative dispersion coefficient can be used. For proper dispersion compensation, a high
negative dispersion fiber is needed..

From equation (8) Convincing refractive index N is where Re ( i )is the is the core, while A

is the frequency, and c is the speed of light in a vacuum. To reduce the positive dispersion of
fiber, a PCF with a negative dispersion coefficient can be used. dispersion compensation is
greatly affected by a high negative dispersion fiber.

_idzRe nqﬁr]
c dAi’

(8)

From equation (9 ) Re (n; )is the is the real part of of compelling refractive index neff , fis the

frequency, c is the speed of light in vacuum. The numerical aperture of the optical frame is
derived by referencing the shaft's refractive index, as well as the sine of the pivot where the
beams can be transmitted using mathematical equations. The numerical aperture is a material
property that can be determined from this calculation..
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4.3 Simulation and Performance Analysis
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Fig 4.2: sensitivity of ethanol, benzene, and water versus frequency with varying 30 thickness

From fig 4.2, by increasing the frequency boosts sensitivity. Also, when D=390 pm, maximum
sensitivity is observed. Note that, D = 390 pm is the maximum frequency of the core and
increment above this limit will overlap the core with the cladding. A side effect of our research
was to investigate further the sensing capability. To do this, we changed the frequency and we
readings found that when we lower the core, sensitivity goes down. Therefore, to minimize
manufacturing difficulties we should keep the core and cladding separate when fabricating
flexible structures. implies that the core accommodate a more significant volume of the chemical
to be sensed allowing more interaction between the analyte and the fiber core thereby increasing
the sensitivity Hence it can be concluded that sensitivities in our design was found as 98.7% .

For our design the layer thickness at Z=30 ,um. It is only dependent on the real part of (RI), and
so thickness changes have no effect on variation in sensitivity, to make sure everything else is
perfect we performed the convergent test as demonstrated in Fig.4.3, Fig.4.4, to determine the
thickness shown in those figures.
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Fig 4.3: sensitivity of ethanol, benzene, and water versus frequency with varying 20 thickness

From fig4.3, the sensitivity increases when the frequency is increased.. Maximum sensitivity is
also observed when D, is equal to 390, pm. Even if you increase the frequency of the core above
D =390 pm, there will be closed with the cladding. A byproduct of our research was to further
explore the ability to sense. To accomplish this, we lowered the core frequency and the readings
show that sensitivity declines when the core is lowered. This makes it easier to manufacture
flexible structures because the core and the cladding are kept separate when we make them.
alludes to the fact that the core accommodates a larger volume of the chemical to be sensed,
which encourages a higher concentration of the analyte, and so the interaction between the
analyte and the fiber core increases Thus, it can be deduced that our design had a high sensitivity
of 99.3 %.

At Z=20 um, our design's layer thickness is We performed the convergent test as demonstrated
in Figure 4.2, Figure 4.4, to determine the thickness of those figures.

xli

ouvdaliicu vwiui vaiil



1.00

0.99 4

g

Z

=

E —a— (water,x-pol)

¢ 0884 —e— (benzene,x-pol)
—4&— (ethanol,x-pal)
—v— (water,y-pol)
—o— (benzene,y-pol)
—<¢— (ethanol,y-pol)

(1 S B
0.8 1.0 1.2 1.4 16 18 20

Frequency (THz)

Fig 4.4: sensitivity of ethanol, benzene, and water versus frequency with varying 10 thickness

From fig 4.4, the sensitivity increases when the frequency is increased. And in figure 4 the
sensitivity is improved more than fig 3 and fig 2. To have the maximum sensitivity, the values
of D=390, um. There will be overlap with the cladding even if you increase the frequency of the
core above D = 390 pm. We discovered a previously unknown ability that allowed us to seek
out other abilities. By lowering the core frequency, we found that sensitivity is reduced. Since
the core and the cladding are kept separate when we manufacture them, the structures are
flexible. in addition to this, because the core is bigger, the capacity to accommodate a higher
concentration of the chemical to be sensed means that the quantity of the analyte must be greater,
thus increasing the degree of interaction between the analyte and the fiber core. Using this logic,
it follows that our design had a 99.5% response.

Our design's layer thickness is at Z=10 um ,it’s the higher one . As shown in Figure 4.2, Figure
4.3, we conducted the convergent test to discover the thickness of those figures.
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Fig 4.5: Effective material loss of ethanol, benzene, and water versus frequency.

From fig 4.5, the effect of varying core on EML can be observed by varying the analyte It can
be seen that with increased frequency, the amount of EML increases. One may observe that the
higher the frequency that satisfies the theoretical condition for calculating EML, the higher the
EML rises. From Fig. 9, in addition, it is obvious thatthe lowest EML ever realized in a PCF-
based waveguide is at the optimal design conditions, the range of frequencies starts at 0.8 to 2
THz , so the value of EML become 0.0004 cm?1 .
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€ ]
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1]
L 1
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(&}
0.00E+000
-1.00E-018 . . . . . . . ' .
1.0 12 14 16 18 20

Frequency (THz)

Fig 4.6: confinement loss ethanol, benzene, and water versus frequency..
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. From Fig. 4.6 ,it Marks the difference in the type of confinement loss for different analytes. It
appears that as the frequency of use increases, the reduction in losses due to confinement
becomes more noticeable, the frequency increment causing a tightening of the mode fields in the
round core core region. The results may be due to the fact that the more frequently a signal is
transmitted, the more constricted it becomes, thus lowering the overall Autocorrelation thus the
confinement loss for water(1x10 ' em™,4.4x10 em ™) ethanol  (1.06x10em™
5.8x10'em™') and benzene (2.3x10cm™,5.8x10 em™) respectively with x and y
polarization .

*

0.000016

0.000014
0.000012

0.000010

—a— (water)
—e— ( benzener )
—a&— ( ethanolr )

0.000008

birefringence

0.000006
0.000004 -

0.000002

1 L]

] ]
08 1.0 12 14 16 18 20
Frequency (THz)

Fig 4.7: Birefringence of ethanol, benzene, and water versus frequency.

From fig 4.7, the Sensor sensing performance is improved by the polarization maintaining
property of a fiber. There are two distinct modes: x polarization mode, and y polarization mode.
As shown in fig 4.7. for different analyte variation, the property of birefringence holds. As the
frequency increases, birefringence decreases. In order to decrease the index difference between
the polarization modes, the frequency must increase. The birefringence that is obtained when the
design parameters are optimally selected is water: 0.000004, ethanol 0.000003 and benzene
0.000004. Please be aware that it is possible to increase the birefringence even further by either
reducing the core diameter or diameter of the core's outer layer.
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Fig: 4.8 core diameter of ethanol, benzene, and water versus core sensitivity. (%)

From fig 4.8, we illustrates the relationship between varying sensitivity and core diameter,
which is important since additional air holes are used around the core to boost sensitivity. This
is demonstrated by the fact that sensitivity increases as core diameter increases. This can be
explained by the fact that, when we increase the core diameter, we are faced with the present of

an electomagnetic field which causes sensitivity to increase significantly which can be seen from
our graph the core diameter at 365 to 395, um .
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Fig. 4.9. sensitivity of ethanol, benzene, and water versus of refractive index

From fig 4.9, shows a direct correlation between the sensitivity and the variation of the refractive
index (real). And for water, there is a linear correlation between the variation of the core of the
cladding air holes and the sensitivity. In order to optimize the core of the cladding air holes, we
varied the refractive index and calculated the sensitivity of the water. The slower-moving light
occurs when the refractive index is increased.
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Fig.4.10. Effective Area of ethanol, benzene, and water versus frequency.
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From fig 4.10, the proposed PCF cross section depicts the modal effective area for both x and y
polarization. What is easily seen is that as the frequency increases, the distribution of the electric
field decreases. Since the frequency increases, less light is contained in the porous core region.
Effective area is obtained by multiplying the effective areaby 3.5x10 wm’ . It can be stated that,
with regards to communication devices and lasers, a high value of effective area is useful while
for fiber non-linearity, a low value works better.

035 —a— ( water x-pol )
—=a— ( benzene,x-pol )
—a— ( ethanol,x-pol )
—v— ( water,y-pal )
0.30
o —&— ( benzene,y-pol )
2 —— ( ethanol,y-pol )
a
< 0.25
©
o
g
S 0.20
d
0.15 4
L T N T T T v T v T X
08 1.0 12 14 16 1.8 20

Frequency (THz)

Fig 4.11, Numerical Aperture of ethanol, benzene, and water versus frequency.

From fig 4.11, the NA (numerical aperture) is directly proportional to the frequency. If other
factors remain constant, then a relationship can be seen where NA is inversely proportional to
frequency, provided other variables remain the same. In other words, the numerical aperture is
reduced to compensate for the frequency at which we increase the frequency. Because numerical
aperture is proportional to the effective area, and the effective area is proportional to frequency,
it should be expected that numerical aperture would be inversely proportional to effective area,
which can be seen from our graph the NA at 0.34. .
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Fig 4.12. Dispersion of ethanol, benzene, and water versus frequency.

From fig 4.12, we describes dispersion in terms of frequency and other design parameters
that work best with it. At X-polarization, the dispersion is flatter, which means we select x-
polarization as optimal. Under the condition of an ultra-flat- tened dispersion variation of +
0.50 ps/THz/cm, a 0.50 ps/THz/cm ultra-flat- tened dispersion variation of x-polarization is
obtained at a core diameter. As you can see, a PCF dispersion flattened by a suitable factor
yields an equal group delay multi-color signal path. Unwanted losses take place in the guided
mode when pulses of light travel along the fiber. As most of the polymer materials are lossy,
this is the reason.

4.4 Summary

The result analysis is tried to focus for all parameters of the sensors. For ease of understanding,
required equations and figures are given. The simulation of the proposed work is performed by

COMSOL 5.5 software and plot the figure with the help OriginPro 8.6 64Bit.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

Terahertz-specific fiber is created with a round core and tested for a range of chemical analytes.
A simulation study showed that 98.7%, 99.3%, and 99.5% of 10,20,30 layer thickness have a
high sensitivity which uses Zeonex as the substrate . Additionally, the sensor shows efficient
sensing and a small amount of chromatic dispersion, all while offering extremely low EML and
negligible confinement loss. Furthermore, the improved sensing performance is well-suited to
it. This PCF can be fabricated using existing fabrication methods. These two factors enable the
sensor to exhibit extraordinarily sensitive sensing properties, as well as an unusually wide degree
of design flexibility. This new sensor will open up a completely new realm of terahertz research,
and it may also have broad-ranging industrial and medical applications. The use of minimal core
zone nenoex bridges to generate a low cladding index is demonstrated using a physical model of
Zeonex high NA fibres. Several of these types of fibres have been manufactured and the resulting
measured properties follow the predictions quite well. NA was 0.34 over a D= 390 ,um. Designs
like these will improve both sensor performance and light sensitivity.

5.2 Future work

1. To work with newer types of material

2. To work both core and cladding

3. To work with different types of photonic crystal fiber structure
4. To work with newer types of fabrication method

5. New material can increase the sensitivity.

6. New material can decrease the the EML
7. To work with newer types of material to improve dispersion

8. To work with newer types of material to improve numerical aperture
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5.3 Character-wise Comparison Summary

PCFs Operating | Sensitivity | Birefringence EML Dispersion Confinement
region (cm™) (ps/THz/cm) loss
Ref. [58] 1.4 THz 96.8% 0.0154 0.0035 - 6.95x107"
Ref. [59] 1.6 THz 85.7% 0.005 - +0.47 1.7x107°
Ref. [60] 1.8 THz - 0.086 - +0.03 3.8x107°
Ref.[4] 1.8 THz - 0.039 - 1.07+0.05
This 2 THz 99.5% 0.000014 0.0004 +0.50 1x107™
paper
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